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SUMMARY 



Plight tests were conducted on the XP-41 airplane, 
equipped with a Pratt & Whitney B.1830-19, 14-cylinder, 
air-cooled engine, to determine the increase in flight 
speed obtainable by the use of individual exhaust stacks 
directed rearwardly to obtain exhaust -gas thrust. Speed 
increases up to 18 miles per hour at 20,000 feet altitude 
were obtained using stacks having an exit area of 3,42 
square inches for each cylinder. A slight increase in en- 
gine power and decrease in cylinder temperature at a given 
manifold pressure were obtained with the individual, stacks 
as compared with a collector-ring installation. Exhaust- 
flame visibility was quite low, particularly in the rich 
range of fuel-air ratios. 



INTRODUCTION 



The high speed of present-day airplanes suggests the 
possibility of obtaining appreciable power by means of jet 
propulsion. The gas in the cylinder of an internal com- 
bustion engine, at the time the exhaust valve opens, is at 
a pressure considerably higher than atmospheric, and the 
largest part of this gas is discharged through the exhaust 
valve with a velocity of the order of that of sound. In 
the, usual exhaust installation the gases are discharged 
into a collector whore the largest part of this velocity 
is lost at the bends and at sudden enlargements of the ex- 
haust pipes. 

Oestrich (reference l) presents the results of compu- 
tations to show that conciderable thrust horsepower can be 
obtained at high airplane velocity by discharging the ex- 
haust gas rearwardly of the airplane, directly from the 
exhaust port of the separate cylinders. This result was 
substantiated by a more complete analysis made at the NACA 
and the large theoretical exhaust thrusts obtained indi- 
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cated that tests to determine the actual exhaust thrust 
were justified (reference 2), 

Tests were made (reference 3) on a Pratt & Whitney 
R1340E engine provided with individual exhaust stacks 
mounted on a thrust stand, in which the static thrust pro- 
vided by the rearward discharge of exhaust gas was meas- 
ured. The thrust horsepower at various airplane veloci- 
ties calculated from these measurements agreed reasonably 
well with the values obtained' from the analysis and indi- 
cated that a considerable increase in flight speed should 
be obtained by utilizing this exhaust-gas thrust. 

To determine the. increase in flight speed at various 
altitudes experimentally, and to investigate the problems 
asaociat.ed with an individual exhaust- st ack installation 
such as exhaust-flame visibility, fire hazard, noise, and 
the danger of carbon-monoxide poisoning of the flight per- 
sonnel, it was decided that flight tests should be con- 
ducted. 

This report presents the results of flight tests on 
the XP-41 airplane to determine the increase in flight 
speed that may be obtained by discharging the exhaust gas 
rearwardly through individual stacks. 

The tests were made during March and April 1940, at 
the Langley Memorial Aeronautical Laboratory at Langley 
Field, Va. 

APPARATUS A2TD TESTS 



The tests wore made on the XP-41 airplane (fig. 1(a)), 
a single-seat Seversky pursuit airplane equipped with a 
Pratt & Whitney £1830-19 , 14-cylind.er, two-row radial en- 
gine. The engine is provided with a two-speed auxiliary 
blower in addition to the main bloxrer, and had a critical 
altitude of 20,000 feet. 

?i°jure 1(b) shows the exits of the collector ring. 
It is noted that the discharge is substantially downward. 
The collector-ring installation is that originally provid- 
ed on the airplane, with the exception that one exit has 
been moved toward the center of the fuselage to avoid 
trouble experienced from the discharge of that stack into 
the oil-cooler duct. 



Figure 2 shows the installation with individual ex- 
haust stacks. The stacks from the cylinders at the top 
of the engine were brought down and the ?as discharged 
from the side of the fuselage in order, >to n.void discharg- 
ing in the direction of the cockpit cover. Because of the 
lack of space at the cowling exit, the stacks of the top 
cylinders, nos. 1 and 13, were connected to a common exit 
having substantially the saae area as an individual stack. 
Cylinders nos. 2 and 4 were similarly joined to a common 
exit on the opposite side of the fuselage. These cylin- 
ders were chosen because their exhaust events do not over- 
lap. The remaining cylinders had individual exhaust 
stacks. The end of each exhaust stack was flattened into 
a substantially elliptical shape in order to decrease the 
radial distance that exhaust stacks extended from the 
fuselage. The inside cross-sectional area of the stack 
decreased from 4.07 square inches at the round section to 
3.42 square inches at the exit. A pattern used for the 
construction of these stacks is shown in figure 3. The 
exhaust stacks emerged from the cowling through holes cut 
in the cowling flaps. Clearance was pro vi ded .ta^allow 
approximately l/8-inch relative movement of the stacks 
and cowling. 

After the tests with the individual stacks, a por- 
tion of each stack was removed and a nozzle bavin? an 
area of 1.77 square inches was welded in its place. The 
form of the nozzles is shewn in figttre 3. The nozzles 
installed in place are shown in figure 4. Where required, 
the cowling flaps were replaced by new flaps with holes 
cut for clearances between the flaps and nozzles of ap- 
proximately 1/8 inch. ITo reduction was made in the exit 
area of the stacks for the cylinders connected in pairs 
(nos. 13, 1, 2, and 4), because of the possible danger of 
overheating and detonation arising from too much resist- 
ance to the exhaust -a;as flow. 

The following are the exit areas of the various in- 
stallations : 



Except for cylinders nos. 13, 1, 2, and 4, which were 
connected in pairs to stacks having exit areas of 3.42 
sq in. per stack. 



Exit area per cylinder 
( sq . in. ) 



A collector ring 

B individual stacks 

C individual stacks 



2.81 — 
a 3.42 ~ 
a 1.77 _ 
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The two individual stack installations, 3 and C, will lie 
designated by the exit areas, 3.42 and 1.77 square inches, 
respectively. 

The engine torque was measured in flight by a Pratt 
& Whitney torque dynamometer.' The engine speed was meas- 
ured "oy a calibrated . electrical tachometer. The airplane 
speed was measured "by an air-speed head mounted on a "boom 
attached to the wing. This air-speed head was- calibrated 
by flying alongside a Lockheed 12 airplane, for which the 
air-speed installation had been previously calibrated 
using a towed static pressure bomb. The altitude was 
measured with a Kollsman sensitive altimeter and recorded 
by the pilot. A statoscope was installed and operated 
during each period of test. The statoscope deflection and 
the air speed were recorded photographically, providing a 
continuous graph when the equipment was actuated. Motion 
pictures were taken of the pressure gage of the torque 
dynamometer, a clock, and the tachometer indicator. When 
test conditions were stabilized, ei^ht series of photo- 
graphs of about 2 seconds' duration each were taken at 15- 
seoond intervals by the manual closing of an electrical 
circuit by the pilot. Each of the 2-second motion-pi oture 
records contained approximately 25 frames.- The averages 
of the eight series of engine speed, air speed, and torque 
readings were taken to represent the test conditions. 

Hear spark-plug gasket temperatures for two cylinders 
were read by the pilot, and the higher temperature, that 
of no, 5 cylinder, was recorded. The manifold pressure, 
carburetor-air temperature, cylinder-head temperature, oil 
temperature, cabin temperature, indicated atmospheric tem- 
perature, tachometer magneto temperature, and engine rpm 
\7ere recorded by the pilot immediately after the last au- 
tomatic record of each run. The indicated atmospheric 
temperature was also determined at 120 miles indicated 
air speed,, and the true atmospheric temperature determined 
by extrapolating a curve of temperature against velocity 
head to zero air speed. 

In the absence of a reliable instrument for measuring 
air-fuel ratio, the mixture was adjusted by the pilot for 
maximum power at part throttle, and by the automatic mix- 
ture control at full throttle. 

All tests were made at an approximate engine speed of 
2 550 rpm. 
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Flights were made at the following conditions: 



Altitude (ft) 



Collector ring 



10,000 15,000 



17,000 



20,000 



I ndi vi dual s t a ck s 



10,000 



17,000 



20,000 



Individual stacks with 
nozzles 



10,000 



17,000 



20,000 



At each altitude the throttle was varied from full-open 
throttle to part throttle, and complete data taken for 
each setting. 

A car"bon-mo no xide meter was placed in the cockpit of 
the airplane with individual stacks prior to the main 
flight tests. Carbon-monoxi de concentrations were meas- 
ured in flight with the cockpit cover closed with inlet 
manifold pressure of 30 inches Eg for level flight, and 
for climb at 150 miles per hour indicated air speed, and 
in a glide with 10 inches Hg inlet manifold pressure with 
the cockpit cover opened. 

After the completion of the tests with the individual 
stacks with 1.77 square-inch-exit areas, a portion of the 
nozzles was removed in order that no part of the nozzle 
projected into the air stream, thus providing a more 
streamlined installation. Three temperature-sensitive 
paints which change color at 288°, 338°, and 734° P, re- 
spectively, were applied to portions, of the fuselage in 
proximity of the exhaust gas stream. The engine was oper- 
ated on the ground at a manifold pressure of 30 inches Hg 
at 2500 rpm to determin e if any appreciable heating of 
the fuselage occurred. 

Visibility tests of the flame from the individual 
stacks were made at night at a manifold pressure of 30 
inches Hg at about 2400 rpm. The mixture was varied from 
full rich to lean, and photographs were obtained with the 
•mixture control set at the lean position for cruising. 



The various tests of different exhaust conditions were 
made at the same pressure altitudes but because of differ- 



METHODS 



ences in atmospheric temperature, a slight difference in 
density occurred. Correction of the data to a common den- 
sity for each pressure altitude was made in the following 
manner. Power-speed data for a normally propelled air- 
plane may "be correlated for different atmospheric densi- 
ties by plotting 

A / A X 3 

C7 2 bhp against (^a s V ) 

where 



Ld 



ff is the atmospheric density ratio relative to 
standard sea-level density 



"I the airplane snec 



This correlation is obtained "by noting that if the well- 
known equation for the drag horsepower of an airplane, 



Bra*? hp = K 1: cr V s + ™ 



is multiplied through "by there results 

cr 3 drag hp = K x (cr ¥ 



Thus cr s drag hp = f \jj s Y ^ . 

If, in addition, it is assumed that the propeller 
efficiency is constant, then there may also be written 

A /A \ 3 

o 2 bhp = f (a s 7 J (l) 

Corrections 'were rr.ade to standard density altitude by mul- 
tiplying the observed power and airplane speed by 



( a ^ 
Va J 



std 



where cr^^ is the standard relative density correspondin 
to the test pressure altitude. 
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The engine poorer was corrected for the power associ- 
ated with accidental acceleration and climb. A propeller 
efficiency- of 0.85 was assumed for this correction. The 
acceleration was calculated from the air-speed records, 
and the rate of climb from the statoscope records. In 
each test an average acceleration and rate of climb were 
obtained for the complete 2-minute run. The recorded air 
speeds were corrected for compressibility. 

The collector-rin-? installation discharged substan- 
tially downwardly and provided no appreciable thrust power. 
By comparing at a <?iven airplane velocity the engine- shaft 
horsepower for the two individual stack installations, with 
that for the collector-ring installation, an estimate is 
obtained of the exhaust- %as thrust horsepower for the in- 
dividual stack installations. The apparent exhaust-fas 
thrust was calculated by means of the equation' 

375 A bhp T) 

Thrust = — 

where 

7 is the .irplane speed in miles per hour 

and 

Tl the propeller efficiency 

Test data for a propeller similar in design to that used 
in the tests showed very little variation in efficiency 
over the test range, and a value of 0.85 taken from these 
data was used in computing the thrust. 

BESTJLTS AHD 33 1 SOUS SI OH 

Effect of Discharge from Individual Exhaust Stacks 

on Airplane Speed 

Figure 5 shows the data obtained on airplane speed 7 
for various values of brake horsepower and altitude -for the 
collector-ring installation., correlated by plotting 

0 s bhp against (^u s 7 J 
It is noted that a °;ood correlation of the data at various 



8 



altitudes is obtained. A slight trend with altitude is 
noted, the points for 20,000 feet being slightly higher 
than for 10,000 feet. 

This difference may be the result of changes in. pro- 
peller efficiency with the density of the air. The differ- 
ence, however, is small and indicates that accurate cor- 
rection of data. at each pressure altitude for small vari- 
ations in density from the standard may be made by means 
of equation (l). 

Figure 6 shows the airplane speed obtained for the 
three exhaust conditions at 10,000, 17,000, and 20,000 feet 
altitude. A small correction for atmospheric density was 
applied in accordance with equation (l) to adjust the data 
to the standard density corresponding to each pressure 
altitude. 

At full-throttle operation, (approximately 44 in.'Hg), 
the individual stacks provided 18-mi le s-per-hour increase 
in speed above the collector-ring installation at 20.000 
feet, 15-miles-per-hour increase at 17,000 feet, and 13- 
mile s-per-hour increase at 10,000 feet. The maximum speed 
obtained at full-open throttle with the smaller-stack-exit 
areas is slightly less than that with the larger-exit areas 
but occurs at a reduced engine power. For example, figure 
6 shows, for a constant manifold pressure of 44 inches Hg , 
that the engine power increases slightly in changing from 
the collector ring to the individual exhaust stacks with 
the 3.42 square-inch-exit areas, and decreases by about 8 
percent when the stack-exit area is reduced to 1.77 square 
inches. For the same engine brake horsepower, the smaller 
exit stacks caused an increase of 5 miles per hour over 
the airplane velocity with the larger exit stacks. Thus 
an increase in efficiency was obtained with the 1.77 square 
inch- exit stacks at the expense of a reduction in maximum 
engine power. 

Because of the' absence of data for intermediate noz- 
zles, the points on the curves for the individual stacks 
and the stacks with nozzles for 44 inches manifold pres- 
sure, were joined with a straight line. Between the two 
exit areas an optimum area exists, at which a maximum in- 
crease in efficiency or speed at a given engine power is 
obtained with no reduction in maximum power. It is noted 
that most of the gain in thrust has already been obtained 
with the individual stacks with 3 ,42-square-inch-exit area, 
and that the further gain to be expected from a reduction 
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in exit area is small and would result in an increase in 
speed of less than 5 miles per hour. 

Apparent Exhaust -Gas Thrust 

Figure 7(a) shows the apparent exhaust-gas thrust of 
the individual exhaust stacks for the two exit areas plot- 
ted against "brake horsepower, These curves were computed 
from the curves of figure 6. The values for the XP-41 in 
figure 7(a) can "be taken as an indication only of the ap- 
proximate magnitude of the thrust as differences in the 
drag and propeller efficiency of the various installations 
have not "been eliminated. For example, the downward dis- 
charge of the exhaust gas from the exhaust collector may 
set up turhulence in the air stream and cause some drag, 
whereas this effect is not present in the case of the two 
individual stack installations. The flow of hot exhaust 
gas over tho fuselage in the latter cases may change the 
fuselage drag. Although in all installations the exhaust 
exits wore extended into the air stream to clear the air- 
plane and reduce fire hazard, the different installations 
have a different external drag which is difficult to esti- 
mate. All those differences in drag appear in the values 
of the apparent exhaust-gas thrust. 

An increase in apparent exhaust-gas thrust with alti- 
tude for a given engine power, as might "be expected from 
theoretical consideration (reference l), is noted. For a 
given power, the cylinder pressure at the time of exhaust- 
valve opening varies only slightly with altitude; however, 
the reduction in atmospheric pressure with altitude causes 
a higher expansion ratio for the <?as discharge from the 
cylinder and a greater conversion of potential energy to 
kinetic energy in the gas stream. 

Reference 3 gives the exhaust-gas thrust measured at 
sea level on a Pratt & Whitney 1340H engine with individu- 
al unrestricted stacks (area 4.2 sq in.). At full-open 
throttle (37.5 in. Hg inlet manifold pressure), a thrust 
of 0.1 pound per "brake horsepower was obtained. Using 
this' value for thrust, a point is located on figure 7(a) 
at a power corresponding to a manifold pressure of 37.5 
inches Hg for the" R-1850. This point falls "below the 
curves for the higher altitudes as might "be expected, and 
indicates that the actual thrust of the exhaust stacks con- 
stitutes the largest part of the apparent thrust. 
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Figure 7(b) shows the exhaust -gas thrust per slug per 
second of exhaust gas obtained in these tests compared with 
theoretical values obtained from reference 4. A value ob- 
tained from the static-thrust tests on the Pratt & Whitney 
1340E engine (references.), is also shown. The theoret- 
ical values represent the thrust obtained when the exhaust 
gas is discharged directly from the cylinder through a con- 
verging nozzle, and therefore do not contain the usual en- 
ergy losses at the bends and area changes in the exhaust 
passage. The experimental values will probably approach 
the theoretical values as the losses in the exhaust port 
are reduced. Because of the belief that these losses in 
the present exhaust port are high, a larger difference be- 
tween the theoretical and experimental thrust than is shown 
in figure 7(b) was expected. That a larger difference was 
not obtained, nay be explained by the .'act that the meas- 
ured exhaust-thrust values contain the difference in drag 
of the exhaust stacks. It is of interest to note that the 
average apparent jot velocities are in the vicinity of the 
velocity of sound in exhaust gas at 2200° F absolute, which 
is approximately 2200 foot per second. 

The increase in exhaust thrust with reduction in ex- 
haust-oxit area noted in figure 7(a), may bo explained as 
follows: 

The high pressvire in the cylinder at the time the ex- 
haust valves open, represents a large amount of potential 
energy. This potential energy is converted into kinetic 
and thermal energy as the gas discharges through the ex- 
haust system to atmospheric pressure. The greater the ef- 
ficiency of the discharge process, the larger the conver- 
sion of potential energy into kinetic energy,, and the 
greater is the thrust of the exhaust gas. Considerable 
loss of kinetic energy occurs in the irregular exhaust 
passage between the exhaust valve and exhaust-valve seat, 
and in the exhaust port in the cylinder head. When the 
area at the exhaust-stack exit is reduced, the velocity 
through the exhaust valve and exhaust port is decreased 
with a reduction of the loss of kinetic energy at the 
valve. The available potential energy is more efficiently 
converted into velocity at the exhaust- stack exit because of 
its better shape as a nozzle as compared with the exhaust 
passage at the valve and an increased thrust is obtained. 

As the stack-exit area is decreased, the time required 
for discharge of the cylinder to atmospheric pressure is 
increased. A point is reached, in reducing exhaust-stack- 
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exit area, where sufficient time i £5 not available for the 
drop of cylinder pressure to atmospheric and a large 
amount of residual ?as is trapped in the cylinder by the 
closing of the exhaust valve with the result tha,t a lar^e 
drop in engine power for a given manifold presstire occurs. 

As for a large part of the discharge, pressure ratios 
theoretically capable of prodticing supersonic velocities 
are involved, some improvement in thrust 'may result when a 
divergent passage is attached to the nozzle. Ho neasur- 
able improvement could be obtained in preliminary tests 
with divergent nozzles on a single-cylinder test engine. 
Further tests are planned. 



Effect of Separate Exhaust Stacks 
on Engine Operation 

Figure 8 shows the bmep plotted against manifold pres 
sure for the various exhaust systems. The engine was 
equipped with a main blower and a two-speed auxiliary ' 
blower. The curves are broken where the blower condition 
is changed. 

The values of the engine bmep with the individtial 
stacks, exit area 3.42 square inches, are seen to be 
slightly higher than the values with the collector-ring 
installation for a given inlet manifold pressure. This 
indicates less resistance to discharge of the exhaust gas 
or a reduction in effective exhaust back pressure for the 
individual stacks as compared with the collector ring. 
This result may bo expected as the pressure in the collec- 
tor ring is somewhat greater than atmospheric. The marked 
reduction in bmep with the reduction in stack-exit area to 
1.77 square inches is noted. It should be pointed out, 
however, that the engine installation was not designed 
with exhaust thrust in mind, and in order to avoid ob- 
structions and find openings for the exhaust pipes, sharp 
bends in the pipes were required. The nozzles were weld- 
ed to the exhaust stacks and a ridge of weld extended into 
the pipe. When these obstructions are removed and when 
the exhaust port in the cylinder is designed for better 
flow, it will be permissible to have more restriction in 
the area at the exit of the exhaust stacks than s,t present 
\7ith no loss in maximum engine power and a gain in thrust. 

Figure S shows the head temperatures measured on the 
rear spark-plug gasket of no. 5 cylinder for the three ex- 
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haust conditions. The head temperature's were slightly 
lower for the individual stacks with 3 .42-square-inch- 
exit areas than for the collector ring.,' again indicating 
slightly less exhaust hack pressure. The reduction of the 
exit area to 1.77 square inches caused an appreciable in- 
crease in cylinder-head temperatures. All temperatures, 
however, were well "below the permissible cruising temper- 
ature of 450° P. 

Irom these tests it may he concluded that the exhaust- 
stack area of 3.42 square inches per cylinder was satis- 
factory in the present case, as it provided a large exhaust- 
gas thrust with no decrease in maximum engine power or in- 
crease in cylinder temperatures. The exit area of 1.77 
square inches cannot he considered as satisfactory for the 
present application as it reduced the maximum engine power 
and maximum flight speed with respect to that obtained with 
the 3 ,42-square-inch exits, and caused considerable increase 
in cylinder temperature. The efficiency was greater for the 
1 . 77-square-inch-exit area than for the 3 ,42-squar e-inch- 
exit area, as a higher airplane velocity was obtained for a 
given brake horsepower. Possibly some intermediate exit 
area would ?ive the maximum performance. 



00 Contamination of the Cockpit and 
Exhaust-Flame Visibility 

Tests were made with the individual stack installa- 
tion, exit area 3.4-2 square inches, at a number of flight 
conditions with a CO meter in the cockpit. The follow- 
ing concentrations of CO were measured. 

1, Hi?h-speod level flight, 30-inch Hg manifold 
pressure, 2400 rpm , cowl flaps one-third open at 10,000 
feet altitude. 

Lower ri^ht side of cockpit - 0.005 percent CO 

Lower left side of cockpit - 0.015 percent CO 

At the pilot's face - 0.0060 - 0.0075 percent CO 

2. In climb at an indicated air speed of 150 miles 
per hour, 30-inch Hg manifold pressure, 2400 rpm, cowl 
flaps wide open. 

Lower right side of cockpit - 0.0050 percent CO 
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Lower left side of cockpit - 0.0175 percent CO 

At the pilot's face - 0.02 percent 00 

3„ In a glide with the cockpit cover open, 10-inch 
Hg manifold pressure. 

At the pilot's face - 0.0050 to 0.0060 percent CO 

Crow (reference 4) has recommended that 0.005 percent 
CO "be specified as the maximum allowable concentration. 
Although all the measured CO concentrations exceeded the 
value of 0.005 percent, it is reasonable to expect that 
with "better insulation against exhaust ^as and "by ventila- 
tion of the cockpit with uncontaminated air, this condi- 
tion can "be remedied. 

No determination was made of the CO concentrations 
with the exhaust collector-ring installation, so that no 
conclusion can be given with regard to whether contamina- 
tion of the cockpit was worse with individual stacks. 

The intensity of the exhaust noise with individual 
stacks seemed only slightly greater than that of the col- 
lector ring "out the discharges were sharper and more an- 
noying. The electrical interference on the radio was also 
greater with the individual stacks than with the collector 
ring. The cause of this interference has not been deter- 
mined. 

The tests herein describeib.<were made with the indi- 
vidual stacks extending into the air stream and the ex- 
haust directed at an angle of 30° relative to the fuse- 
lage axis,, (See figs. 2 and 4.) With this arrangement, 
it is believed that no excessive heating of the fuselage 
occurred. The exhaust stacks were later cut back into the 
cowling so that they did not extend into the air stream, 
and a ground test was made with several temperature- 
sensitive paints applied to the fuselage immediately be- 
hind the exhaust-stack exit. The tests indicated that im- 
mediately behind the exhaust stacks the temperature on 
portions of the stainless-stool bulkhead on the nose of 
the fuselage was above 338° J. Portions of the duralumin 
parts of the fuselage behind several of the stacks were 
also above 338° 3T; whereas , behind the remainder, temper- 
atures less than 338° 1 were attained.. For these more 
streamlined installations, tests should be made for exces- 
sive heating of the fuselage and stainless-steel shields 
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applied where necessary. .Airplane velocities with, this 
modification have not "been determined as yet , although 
further tests are planned. 

Figure 10 shows a photograph taken at night with the 
engine operating at SO inches Eg inlet-manifold pressure 
and the mixture control set in the lean cruising position. 
It was found necessary to ignite a photo-flash bulb to 
obtain the outline of the airplane in the picture. At 
full rich mixture the exhaust discharge was practically 
invisible to the eve. As the mixture was leaned the dis- 
charge "brightened and turned to a "blue color. At no time 
was the light very intense. The flame extended for a dis- 
tance of approximately 1 foot from the exhaust stack. 



Discussion of Separate Stack Installation 

In the present installation, "because of the lack of 
space, the exhaust of four of the cylinders was connected 
in pairs. The thrust of these cylinders was probably con- 
siderably less than that of the cylinders provided with 
Separate exhaust stacks "because of the loss of energy at. 
the bend and at the sudden area enlargement at the junc- 
tion of the "branched stacks. Installations of this type 
should be avoided. If unavoidable, only cylinders with 
nono verlapping exhaust-valve timing should be connected 
t o get her . 

The following differences between a separa-te exhaust- 
stack installation and a collector-ring installation with 
regard to exhaust thrust should be appreciated. 

It is recalled that when a, pressure ratio of more than 
approximately 2:1 exists across a simple orifice in the 
cylinder wall, the velocity of discharge of ' the exhaust 
gas through the orifice equals the velocity of sound. In 
addition, the pressure at the orifice .exit is greater than 
atmospheric and is approximately one-*half the pressure in 
the cylinder. Thrust is provided by the excess pressure 
above atmospheric and by the momentum of the gas at the 
nozzle exit. If a compound nozzle is used, comprising a 
convergent section followed by a, properly designed diver- 4 
gent section, the pressure at the exit will be atmospheric 
and the discharge velocity will be greater than that of 
sound. The thrust obtained in this case will be greater 
than that obtained with the simple nozzle. As the pressure 
in the cylinder varies, however, the exit area of the di- 



15 



ver^ent section must a,lso "be variable to obtain the maxi- 
mum thrust. 

The exhaust passage at the conventional exhaust valve 
may "be pictured as a simple nozzle. At high bmep the pres- 
sure in the cylinder at the time the exhaust valve opens 
is greater than 100 pounds per square inch. With an atmos- 
pheric pressure of 7 pounds per square inch (approximately 
20,000 feet altitude), the velocity through the valve will 
he of the order of that of sound during the time of reduc- 
tion of the pressure from above 100 pounds per square inch 
to about 14 pounds per square inch. ^^ ,^.^g_JiaAaX-^iaXi5^^ 
tion of the exhaust ?as is aischar.g^^ 

wit'S a velocity- 0 f apprdximat ely 22p0 feet per second (the^ 
vli l o ulty -Tyf-'-gmiCnd in exhaust gas. at 2200° F absolute)... An 
exrre s s— pr e s BntwHbg-^YeTo'pe d at the exit which is convert- 
ed into increased velocity in accordance with the law that 
force is equal to rate of change in momentum. In the usu- 
al collector-ring installation, the largest part of the 
velocity generated by the cylinder pressure is lost in the 
sharp bends and sudden enlargements in pipe area inherent 
in exhaust systems of this type. To regenerate a velocity 
equal to that of sound, for example, at the exit of the 
collector ring, it would be necessary to install a nozzle 
providing a pressure in the collector ring twice atmos- 
pheric with a very appreciable loss in engine power. The 
impossibility of again providing the thrust from the exit 
of a collector ring which was provided by the cylinder 
pressure without considerable loss in engine power, is ap- 
parent. The inadvi sability with regard to exhaust thrust 
of connecting a number of cylinders to a comsion manifold, 
is also apparent. 

A nozzle on the end of an individual exhaust stack 
differs from a nozzle on the end of a collector ring in 
its effect .on engine power. In the former case, although 
the nozzle restricts the flow, the cylinder pressure can 
discharge to atmospheric pressure if sufficient time is 
available. A nozzle on a collector-tring exit increases 
the velocity of discharge at the expense of a constant in- 
creased pressure in the collector ring, and the cylinder 
pressure can discharge only to collector-ring pressure. 

The guiding principle in obtaining exhaust-gas thrust 
with maximum efficiency is to convert as much as possible 
of the waste press\xre in the cylinder to velocity of dis- 
charge. To this end, the exhaust system should be designe 
with as few bends and sudden area enlargements as possible 
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Necessary bends should be gradual and followed "by a straight 
portion of pipe extending rearward as nearly parallel to 
the direction of flight as possible. 

CONCLUSIONS 



The following conclusions may be drawn for the air- 
plane used in these tests: 

(1) Increases in maximum speed of 13, 15, and 18 * 
miles per hpur at .10,000, 17,000, and 20,000 feet altitude, 
respectively, were obtained . with individual stacks for 
each cylinder discharging rearwardiy as compared with the 
collector-ring installation. 

(2) Of the two sets of stacks tested, the stacks 
having exit areas of 3.42 square inches per cylinder, were 
better than the stacks having exit areas of 1.77 square 
inches, in that the maximum speeds were slightly higher 
and the cylinder temperatures were considerably lower with 
the larger exit areas. The cylinder temperatures with the 
stacks having the, larger exit areas were slightly less than 
the temperatures for the collector-ring installation at the 
same engine power. 

(3) For an inlet manifold pressure of 44 inches Hg 
at 20,000 feet altitude (160 lb per sq in. bmep) at 2550 
rpm , no loss in power was experienced with the stacks hav- 
ing exit areas of 3.42 square inches per cylinder. With 
half this exit area for 10 of the 14 cylinders, approxi- 
mately 8-percent loss in power was experienced at the same 
engine speed and inlet manifold pressure. 

(4) Exhaust visibility was quite low, maximum visi-. 
bility occurring in the lean-mixture range. In the rich- 
mixture range the exhaust flame was practically invisible. 

Langle3>- Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. 
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Figure 5.- Power- speed 

characteristics 
of the' XP-41 airplane with 
exhaust collector installed. 



8 10 



12 



I4*I0 B 



200 




Figure 8.'- 
Effect of 
exhaust 
restriction 
on power. 



30 4b 
Manifold pressure, in. Hg 



NACA 



Figs. 7,9 



240 



200 



0 

1 



s 

I 











1 1 1 

Exit area for* 














(sq in.) 
— J.*? 




















'.// 




















ude, 
000 


ft 














s 




17,01 


W 


to. 


OOO 








/ 

/ 

/ + 






ooo- 


















17.000: 








10 






< 












lo.o 
































— ret 


a' lei 
imate 


'el 
from 
~e 3) 


















eren 















































3,000 



I 
Si 

* 



2.000 



x 

8, 



1,000 















































































- 








, 1 




■ 






















































c 




Xi 


j/cu/a 
it'tmaf 


esfs( 
fed(r 


3.42 s 
efere 


q in., 
nee 2 
3 








X 




- Cc 
E. 


; — 












































(b) 





















600 



1,000 



Engine power, bhp 

(a) Variation with engine power. 



Figure 7, a and b.- 
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on engine temperature. 
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